Introduction
============

The liver is capable of strong regeneration. Many treatments for liver diseases, such as liver cancer, hepatic traumatic injury, chronic liver infection and liver poisoning are regulated by efficient liver regeneration. Moreover, liver regeneration is de facto a complex process, wherein multiple mechanical events and various signaling molecules are initiated at the early stage of liver injury to ensure an entire process of liver regeneration [@B1]. Therefore, determining the underlying mechanism of liver regeneration is crucial particularly for clinical scenarios.

Recently, bromodomain and extraterminal domain (BET) protein inhibitors have been considered as potential therapeutic drugs for the treatment of inflammatory diseases, metabolic disorders, cancer and autoimmune diseases [@B2]. The BET protein family in mammals includes BRD2, BRD3, BRD4 and BRDT. These proteins share conserved bromodomains, which bind to acetylated chromatin and functions as transcriptional regulators. In particular, BRD4 is a mediator component that recruits transcriptional regulatory complex to regulate the expression of a group of proteins, such as c-Myc [@B3]. (S)-tert-butyl2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno\[3,2-f\]\[1,2,4\]triazolo\[4,3-a\]\[1,4\]diazepin-6-yl)acetate (JQ1) has been shown to act specifically against BET proteins, and it competitively binds to BRD4 with high affinity as a first-in-class selective and potent BRD4 inhibitor [@B4]-[@B6]. Furthermore, JQ1 can displace BET bromodomains from chromatin and disturb BRD4 function, thereby leading to the promotion of apoptosis and cell cycle arrest [@B2], [@B7].

Previous studies have shown that BET proteins and their inhibitors are closely involved in hepatic cancer. Compared with normal hepatocyte, BRD4 is overexpressed in cell lines of hepatocellular carcinoma (HCC). Knockdown of BRD4 expression impairs proliferation, invasion and migration of HCC cell lines [@B8], [@B9]. Treatment with JQ1 has been shown to reduce cell growth in HCC cell lines and a xenograft tumor model [@B10]. Furthermore, JQ1 protects and reverses liver fibrotic responses in carbon tetrachloride-induced fibrosis in mouse model [@B11]. These studies imply that BET protein inhibitor might be a potential treatment option for liver diseases.

Hippo/Yes-associated protein (YAP) signaling pathway is a critical regulator of liver size [@B12], [@B13]. Moreover, YAP and its transcriptional co-activator with PDZ-binding motif (TAZ) have been identified as key regulators of cell proliferation and organ size [@B14]. Non-phosphorylated YAP and TAZ translocate into the nucleus as the activation of Hippo pathway is reduced, and bind with transcription factors, such as TEAD family proteins, and initiate their downstream gene expressions. YAP/TAZ target genes are closely associated with cell proliferation, anti-apoptosis and amplification of progenitor/stem cells [@B15]. Activation of YAP/TAZ in liver has been shown to result in liver injury and liver cancer formation in mouse models [@B12], [@B13], [@B16]. In addition, YAP/TAZ activation has been observed in bile acid-induced liver injury and nonalcoholic hepatosteatosis [@B17]-[@B19]. These data suggest that YAP/TAZ activation is a common event in liver disease.

A recent study has reported that BET proteins are crucial during liver regeneration in a zebrafish model [@B20], but specific mechanisms remain unclear. Our study showed that BET protein inhibitor JQ1 inhibited liver regeneration in a mouse model after 70% partial hepatectomy (PH) and culture cells by the inhibiting YAP/TAZ-Notch1-NICD axis. Our data provide insight into the function of YAP/TAZ-Notch1-NICD axis in liver regeneration and the risk of BET protein inhibitors, such as JQ1, in the treatment of liver diseases.

Methods
=======

Chemical Materials
------------------

JQ1 was purchased from Selleck Chemicals Co. (Texas, USA), and dissolved in dimethylsulfoxide (DMSO) to a concentration of 50 mg/mL and subsequently diluted to a working concentration of 50 mg/kg in a solution of 10% hydroxypropyl β-cyclodextrin in sterile water (vehicle solution). JQ1 was dissolved in DMSO to a concentration of 500 nM for *in vitro* experiments. The YAP/TAZ signaling pathway inhibitor Verteporfin was purchased from Selleck Chemicals Co. (Texas, USA), and dissolved in DMSO to a concentration of 100 mg/mL. The working solution was prepared at 10 mg/mL in PBS.

Animal Studies
--------------

Male C57BL6/J mice (six-week-old) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The animal studies were performed under the guidelines of the Institutional Animal Care and Use Committee of Zhejiang University. Animals were maintained pathogen-free under constant humidity and temperature in a 12 hours dark/ 12 hours light cycle.

All surgeries were performed by one person under Isoflurane (Sigma, USA) anesthesia. 70% PH was carried out according to the method described by Higgins and Anderson [@B21]. In this model, two thirds of the liver (median and left lobes) was removed. One hour after surgery, animals were intraperitoneally (i.p.) injected with JQ1 (50 mg/kg body weight) or vehicle solution and daily intraperitoneally administered for consecutive five days at the same concentration of JQ1 after 70% PH. Mice were respectively sacrificed at day 2, 4, 6, and 8 after 70% PH for further analysis (**Figure. 1A**). The wet liver remnant weight and the total body weight of mice were utilized as hepatic regenerative index to evaluate progress of liver regeneration. One hour before liver harvest, the mice were intraperitoneally injected with 50 mg/kg 5-bromo-2\'-deoxyuridine (BrdU) (Sigma, USA). A concentration of 5 mg/mL BrdU was dissolved in phosphate-buffered saline (PBS). At the indicated time-points, the mice were anesthetized for blood collection and livers harvest. Liver weight and body weight were measured, and liver tissues were collected in liquid nitrogen or fixed in 4% paraformalin. Serum concentrations of alanine aminotransferase (ALT) and albumin (ALB) were measured.

For *in vivo* YAP inhibition, six-week-old male C57BL6/J mice were performed 70% PH. One hour after surgery, mice were intraperitoneally injected with verteporfin (20 mg/kg body weight) or vehicle solution and every other day intraperitoneally administered the same concentration of JQ1 or vehicle solution.

For *Yap* overexpression mice model, six-week-old male C57BL/6J mice were administered AAV-YAP (1×10^11^ v.g.) (Vigene biosciences) in normal saline (intraperitoneal injection) for 4 weeks. Mice in control group were administered AAV-Vector (1×10^11^ v.g.) (Vigene biosciences) in normal saline (intraperitoneal injection) for 4 weeks. Then, mice were performed 70% PH. The JQ1 treatment after 70% PH was followed the method described above.

Statistical analysis
--------------------

GraphPad Prism 7.0.4 software (GraphPad Software, La Jolla, CA, USA) was used for experimental data analysis. All experiments were independently repeated at least three times with triplicate samples. Statistical analysis was performed using the student T-test. Statistical significance was determined when p\<0.05 (two-tailed). Values are expressed as the mean ± standard error of the mean (SEM).

Results
=======

BET protein inhibition significantly suppressed liver regeneration after partial hepatectomy
--------------------------------------------------------------------------------------------

To test whether BET protein inhibition could influence liver regeneration, JQ1, which is a specific inhibitor of BET proteins, was utilized in a mouse model of 70% PH. JQ1 treatment group manifested a significantly lower liver weight to body weight ratio (LW/BW) compared with the control group, which was injected with the vehicle solution at days 2, 4, 6 and 8 (day 2, p=0.0248; day 4, p=0.0152; day 6, p=0.0178; day 8, p=0.0392. **Figure [1](#F1){ref-type="fig"}B**). However, the peak of LW/BW difference was found at day 4 after 70% PH. To comprehensively evaluate the effect of BET protein inhibition on liver regeneration, we further utilized the ratio of liver weight post-resection to the total liver weight before resection, which was considered as the liver regenerative ratio between these two groups. Our findings showed that JQ1 administration resulted in significantly lower liver regenerative ratio compared with the control group at days 2, 4, 6, and 8 after PH (day 2, p=0.0059; day 4, p=0.0010; day 6, p=0.0079; day 8, p=0.0065. **Figure [1](#F1){ref-type="fig"}C**), thereby indicating that BET protein inhibition could evidently impair liver regeneration at the early stage. To further test whether BET protein inhibition could affect liver function, peripheral level of alanine aminotransferase (ALT) and albumin (ALB) was measured at day 2 after 70% PH, and no significant difference was observed (p\>0.05, **Figure [1](#F1){ref-type="fig"}D** -**E**).

BET protein inhibition prevented hepatocyte proliferation *in vivo*
-------------------------------------------------------------------

To investigate the underlying mechanism of the suppressive effect of JQ1 on liver regeneration, we quantitatively evaluated hepatic cellular proliferation after 70% PH. As liver regenerative difference peaked at day 4, histological HE staining and Ki-67 and BrdU staining were performed for those liver tissues harvested at day 4 after 70% PH. However, no statistical difference was observed between the two groups (**Figure [2](#F2){ref-type="fig"}A-E**). We speculated that earlier events at earlier time points might remarkably cause subsequent significant differences of hepatic cellular proliferation. Therefore, Ki-67 and BrdU staining were performed for those liver tissues harvested at day 2 after 70% PH. We found that the levels of Ki-67 and BrdU-positive hepatocytes in the JQ1 treatment group were significantly lower than those of control group at day 2 after 70% PH (Ki-67, p=0.0042; BrdU, p=0.0417. **Figure [2](#F2){ref-type="fig"}F-J**). These results illustrated that the effect of JQ1 on hepatocyte proliferation occurs at the early stage of the liver regeneration process. We examined the mRNA expression levels of hepatocyte growth (Hgf) and vascular endothelial growth factors (Vegf), which are two crucial factors in liver regeneration. Using liver tissues at day 2 after 70% PH, the expression levels of *Hgf* and *Vegf* were significantly lower in the JQ1 treatment group compared with those of the control group (*Hgf*, p=0.0183; *Vegf*, p=0.0283. **Figure [2](#F2){ref-type="fig"}K-L**). These data suggested that BET protein inhibition significantly impaired hepatocyte proliferation *in vivo* following 70% PH.

BET protein inhibition down-regulated YAP/TAZ expression during liver regeneration *in vivo*
--------------------------------------------------------------------------------------------

Previous studies have indicated that YAP/TAZ overexpression promotes proliferation of hepatocytes [@B22], [@B23]. We further tested whether the negative impact of BET protein inhibition on liver regeneration was mediated by YAP/TAZ activation. First, RT-PCR analysis exhibited that mRNA expression levels of *Yap* and *Taz* in the liver tissues and primary hepatocytes were significantly lower in the JQ1 treatment group compared with that of the control group at day 2 after 70% PH (the liver tissues, *Yap*, p=0.0179; *Taz*, p=0.0253,**Figure [S2](#SM0){ref-type="supplementary-material"}A-B**. the primary hepatocytes, *Yap*, p=0.0184; *Taz*, p=0.0072, **Figure [3](#F3){ref-type="fig"}A-B**). Afterwards, Western blot analysis was conducted on the liver tissues and primary hepatocytes at the time point that displayed protein levels of total YAP and TAZ, and their inactive forms of phosphorylated YAP (p-YAP) and phosphorylated TAZ (p-TAZ) were all significantly lower in the JQ1 treatment group than those of the control group (the liver tissues, **Figure [S2](#SM0){ref-type="supplementary-material"}C**; the primary hepatocytes, **Figure [3](#F3){ref-type="fig"}C-D**). Given our finding of decreased YAP/TAZ expression inhibited by JQ1 at levels of mRNA and protein, we further examined the mRNA levels of target genes of YAP/TAZ, *Cyr61*, *Amotl2* and*Ctgf* in the liver tissues and primary hepatocytes respectively. Our results indicated that the expression of *Cyr61* had a statistical difference between the two groups (the liver tissues, p=0.0307, **Figure [S2](#SM0){ref-type="supplementary-material"}E**; the primary hepatocytes, p=0.0106, **Figure [3](#F3){ref-type="fig"}E**), and no significant difference was observed in the expression levels of *Amotl2* and *Ctgf* (p\>0.05) (the liver tissues, **Figure [S2](#SM0){ref-type="supplementary-material"}F-G**; the primary hepatocytes,**Figure [3](#F3){ref-type="fig"}F-G**). These findings implied that YAP/TAZ activation was specifically impaired by BET protein inhibition after 70% PH *in vivo*.

BET proteins inhibition down-regulated the Notch signaling pathway *in vivo*
----------------------------------------------------------------------------

Notch signaling pathway is vital during liver regeneration. Notch1 and Jagged1 are crucial in cell proliferation during liver regeneration process [@B24]. We further investigated whether Notch signaling pathway was affected by BET protein inhibition during liver regeneration. RT-PCR analysis showed that mRNA expression levels of Notch signaling pathway ligand*Jagged1* and receptor *Notch1* in the liver tissues and primary hepatocytes were significantly lower in the JQ1 treatment group compared with those of the control group at day 2 (the liver tissues, *Jagged1*, p=0.0410;*Notch1*, p=0.0155, **Figure [S3](#SM0){ref-type="supplementary-material"}A-B**. the primary hepatocytes,*Jagged1*, p=0.0004; *Notch1*, p=0.0006, **Figure [4](#F4){ref-type="fig"}A-B**).

Moreover, Western blot analysis showed that the protein levels of Jagged1 and Notch1 and the nucleus translocation of NICD in both the liver tissues and primary hepatocytes significantly decreased in the JQ1 treatment group at day 2 (the liver tissues,**Figure [S3](#SM0){ref-type="supplementary-material"}C-D**; the primary hepatocytes, **Figure [4](#F4){ref-type="fig"}C-D**). Subsequently, we examined the expression of target genes of Notch signaling pathways, namely, *Hey1*, *Hes1* and*Sox9* in both the liver tissues and primary hepatocytes. The results showed that mRNA expression levels of *Hey1* and *Sox9* significantly downregulated by JQ1 treatment (Hey1, p=0.0004; Sox9, p=0.0064, Figure [S3](#SM0){ref-type="supplementary-material"}E-F. Hey1, p=0.0018; Sox9, p=0.0019, Figure [4](#F4){ref-type="fig"}E-F), whereas no significant difference was observed in the expression of has1 gene (the liver tissues, **Figure [S3](#SM0){ref-type="supplementary-material"}G**; the primary hepatocytes, **Figure [4](#F4){ref-type="fig"}G**). Overall, these findings confirmed that BET protein inhibition impaired the Notch signaling pathway during liver regeneration after 70% PH *in vivo*.

YAP/TAZ inhibition significantly suppressed liver regeneration after partial hepatectomy and down-regulated the Notch signaling pathway *in vivo*
-------------------------------------------------------------------------------------------------------------------------------------------------

To further validate the effects of inhibition of YAP/TAZ signaling pathway on liver regeneration, we performed YAP/TAZ pathway inhibitor (verteporfin) after 70% PH in mice. The results showed that the verteporfin treatment group exhibited a significant decrease in LW/BW ratio compared with its counterpart control group, which was injected with the vehicle solution at day 2 and day 4 after 70% PH (day 2, p=0.0095,**Figure [5](#F5){ref-type="fig"}A**; day 4, p=0.0039, **Figure [S4](#SM0){ref-type="supplementary-material"}A**). Using primary hepatocytes at day 2 after 70% PH, the expression levels of *Hgf* and*Vegf* were significantly lower in the verteporfin treatment group compared with those of the control group (*Hgf*, p=0.0017; *Vegf*, p=0.0014, **Figure [5](#F5){ref-type="fig"}B-C**). Afterwards, Western blot analysis was performed on the primary hepatocytes at day 2 after 70% PH and the liver tissues at day 4 after 70% PH showed that the protein levels of YAP, TAZ, Jagged1, Notch1 and NICD were all significantly lower in the verteporfin treatment group compared with those of the control group (the primary hepatocytes,**Figure [5](#F5){ref-type="fig"}D-E**; the liver samples**, Figure [S4](#SM0){ref-type="supplementary-material"}B-C**). Moreover, the results showed that the numbers of Ki-67 positive hepatocytes in the verteporfin treatment group were significantly lower compared with those of the control group at day 2 and day 4 after 70% PH (day 2, p=0.0203, **Figure [5](#F5){ref-type="fig"}F-G**; day 4, p=0.0032, **Figure [S4](#SM0){ref-type="supplementary-material"}D-E**). These data suggest that YAP/TAZ pathway inhibition significantly impaired hepatocyte proliferation after 70% PH, and the activity of Notch signaling pathway was downregulated following the inhibition of YAP/TAZ signaling pathway *in vivo*.

Both YAP/TAZ expression and Notch signaling pathway were impaired by BET protein inhibition *in vitro*
------------------------------------------------------------------------------------------------------

To test the effect of BET protein inhibition on YAP/TAZ and Notch signaling pathways in mouse hepatic cell lines, AML12 cells were treated with 500 ng/ml of JQ1 for 12, 24 and 36 hours. Western blot analysis showed a significant decrease in the extension time of JQ1 treatment in the total YAP, TAZ, p-YAP and p-TAZ proteins. By contrast, significant decreases in the protein levels of Jagged1, Notch1 and NICD were found with the extension time of JQ1 treatment (**Figure [6](#F6){ref-type="fig"}A-B**). Afterwards, we performed experiments on a concentration gradient of JQ1 in AML12 cells for 24 hours. AML12 cells were treated with JQ1 at concentrations of 250, 500 and 1000 nM for 24 hours. Significant reductions in the protein expression levels of total YAP, TAZ, p-YAP and p-TAZ were observed as the concentration of JQ1 treatment was increased. By contrast, a significant difference was observed in the protein levels of Jagged1, Notch1 and NICD as the JQ1 treatment concentration was increased (**Figure [6](#F6){ref-type="fig"}C-D**). These findings indicated that BET protein inhibition suppressed the activation of YAP/TAZ and Notch signaling pathways in normal hepatocytes. Furthermore, this suppressive effect of BET protein inhibition was time- and dose-dependent.

The Notch receptor Notch1 was a Functional YAP Target
-----------------------------------------------------

In tumor research models, the YAP/TAZ signaling pathway interacts with the Notch signaling pathway, which is a functional target of YAP/TAZ [@B25]-[@B27]. However, no studies have been conducted on liver regeneration to investigate whether the Notch signaling pathway is downstream of YAP/TAZ or whether BET protein inhibition is a direct effect on the expression of the Notch signaling pathway. We hypothesized that the inhibitory effect of JQ1 on liver regeneration is obtained by YAP/TAZ regulation of the Notch signaling pathway (YAP/TAZ-Notch axis). To prove this hypothesis, we constructed AML12 *Yap* shRNA knockdown and AML12 *Yap* flag cell lines. First, AML12 *Yap* shRNA knockdown and AML12 scrambled shRNA cells were treated with JQ1 or DMSO for 24 hours, respectively. The results showed that the protein level of YAP significantly decreased in AML12 *Yap* shRNA knockdown cells compared with that of AML12 scrambled shRNA cells irrespective of cells treated with JQ1 or DMSO. The protein levels of Notch1 and NICD were concurrently altered with the protein level of YAP. However, the level of Jagged1 did not change with the Yap expression (**Figure [7](#F7){ref-type="fig"}A-B**). Accordingly, we implemented a remediation assay. AML12 *Yap* flag and AML12 vector cells were treated with JQ1 or DMSO for 24 hours, respectively. We found that the protein level of YAP was significantly increased in AML12*Yap* flag cells compared with that of AML12 vector cells regardless of these cells being treated with JQ1 or DMSO. The protein levels of Notch1 and NICD were concurrently altered with the protein level of YAP. However, the level of Jagged1 was not altered with Yap (**Figure [7](#F7){ref-type="fig"}C-D**). These results indicated that JQ1 indirectly downregulates the activity of the Notch signaling pathway by inhibiting the YAP expression in BET protein inhibitors in AML12 cells. Furthermore, downstream molecule Notch1 was shown to be a functional target of YAP/TAZ.

The liver regeneration injury caused by the inhibition of BET protein can be rescued by*Yap* overexpression in mouse liver
--------------------------------------------------------------------------------------------------------------------------

To further prove that BET protein inhibition impairs liver regeneration through YAP/TAZ-Notch1-NICD axis, we constructed a mouse model of Yap overexpression in liver by infecting the mice with adeno-associated virus (AAV). We performed JQ1 after 70% PH in AAV-vector group and AAV-*Yap* group mice, and harvested liver at day 2 and day 4 after 70% PH. The results showed that mice treated with JQ1 had no significant difference in LW/BW ratio from those treated with the vehicle solution in the AAV-*Yap* group (day 2, p=0.5633; day 4, p=0.5727). However, the LW/BW ratio was significantly lower in mice treated with JQ1 compared with those treated with the vehicle solution in the AAV-vector group (day 2, p=0.0260; day 4, p=0.0365). In addition, the LW/BW ratio of the AAV-*Yap* group treated with JQ1 significantly increased than that of the AAV-vector group treated with JQ1 (day 2, p=0.0027; day 4, p=0.0365) (day 2, **Figure [8](#F8){ref-type="fig"}A;** day 4, **Figure [S5](#SM0){ref-type="supplementary-material"}A)**. Using primary hepatocytes at day 2 after 70% PH, the expression levels of *Hgf* and *Vegf* were significantly higher in the AAV-*Yap* group compared with those of the AAV-Vector group; however, there were no significant difference between the mice treated with JQ1 and vehicle solution in the AAV-*Yap* group (**Figure [5](#F5){ref-type="fig"}B-C**). Western blot analysis was performed on the primary hepatocytes at day 2 after 70% PH and the liver tissues at day 4 after 70% PH showed that the protein levels of Jagged1, Notch1 and NICD were significantly higher in the AAV-*Yap* group than those of the AAV-Vector group. However, there was no significant difference between the mice treated with JQ1 and vehicle solution in the AAV-*Yap* group (day 2, **Figure [8](#F8){ref-type="fig"}D-E;** day 4, **Figure [S5](#SM0){ref-type="supplementary-material"}B-C)**. Moreover, the numbers of Ki-67 positive hepatocytes in the AAV-Vector group were significantly lower compared with those of the AAV-*Yap* group in the JQ1 treatment mice (day 2, p=0.0013; day 4, p=0.0128). Furthermore, the numbers of Ki-67 positive hepatocytes in the AAV-Vector group were significantly lower than those of the AAV-*Yap* group in the vehicle solution treatment mice at day 2 and day 4 after 70% PH (day 2, p=0.0338; day 4, p=0.0164). However, no statistical difference was observed in AAV-*Yap* group between the mice treated with JQ1 and vehicle solution respectively (day 2, p=0.2663; day 4, p=0.0164) (day 2, **Figure [8](#F8){ref-type="fig"}F-G;** day 4, **Figure [S5](#SM0){ref-type="supplementary-material"}D-E)**. These results indicated that specific overexpression of *Yap* in mouse liver could rescue the effect of BET proteins inhibition on liver regeneration injury and the activity of Notch signaling pathway was upregulated following the overexpression of*Yap in vivo*.

Discussion
==========

Increasing evidence supports the importance of BET protein inhibitors, such as JQ1, in the treatment of a series of liver pathologies due to their ability to protect against liver fibrosis [@B11], and repress cell growth in tumor xenograft HCC models [@B10]. The majority of HCC requires surgical resection of liver tissues, and liver fibrosis occurs in patients with chronic liver diseases. Both are in need of subsequent liver regeneration. However, our findings revealed that inhibiting the BET protein might result in impaired liver regeneration, thereby implying an adverse impact of BET protein inhibition on the treatment of HCC and liver fibrosis. Recently, lineage-tracing studies in mice demonstrate that preexisting hepatocytes are the main sources of regenerated hepatocytes in current oval cell activation models [@B28], [@B29]. Our results showed that BET proteins inhibition prevents hepatocyte proliferation in the mouse model of hepatocyte-driven liver regeneration.

Although previous studies have described the role of YAP/TAZ overexpression in enhanced proliferation of hepatocytes, their underlying mechanisms remain unclear in liver regeneration [@B22], [@B23]. Our findings revealed a novel mechanism of YAP/TAZ-Notch1-NICD axis in hepatocytes and liver regeneration, wherein Notch receptor Notch1 was positively regulated by YAP in hepatocytes. The suppression of YAP/TAZ-Notch1-NICD axis by BET protein inhibition being able to impair liver regeneration has not been previously described. Furthermore, we applied the specific inhibitor of the YAP/TAZ signaling pathway *in vivo*, thereby confirming that inhibition of this signaling pathway affects liver regeneration. Additionally, we found that inhibiting the YAP/TAZ signaling pathway decreases the expression of Notch signaling pathway-associated proteins, thereby indicating that the YAP/TAZ signaling pathway regulates the Notch signaling pathway during liver regeneration.

Association among YAP, Notch1, and Jagged1 has been reported in a tumor model (Drosophila) [@B25], [@B26], but further details regarding their interactions has been unclear. In normal hepatocytes, the regulation pattern of YAP on the Notch pathway is different from that in liver cancer cells. The Notch signaling pathway regulates several important cellular processes, including cell survival, differentiation, proliferation, and apoptosis [@B30]-[@B33]. In mammals, two types of ligands (Jagged1-2 and DLL1, DLL3-4) and four Notch receptors (Notch1-4) exist in the Notch signaling pathway [@B34]. In hepatocytes, Notch1 is predominantly expressed and is crucial in regulating cell proliferation [@B24]. The Notch signaling pathway is activated as the ligand Jagged1 binds to the receptor Notch1, which is released by γ-secretase complex, thereby resulting in the release of NICD. NICD can translocate into the nucleus and lead to the transcription of Notch target genes, including proliferation-related genes [@B35].

Numerous studies have indicated that Jagged1 and Notch1 are crucial in hepatocyte proliferation during liver regeneration [@B24], [@B36], [@B37]. Our findings further revealed that the Notch receptor Notch1 was a Functional YAP target in liver. Previous study showed an increased nuclear YAP, elevated levels of Jagged1 and NICD, and activation of Notch target genes in mammals\' *Mst1/2*-deficient intestinal cells [@B27]. Our mouse model with 70% PH showed that BET protein inhibition suppressed YAP/TAZ expression, subsequently leading to remarkable reductions in Jagged1 and Notch1. Then, nucleus translocation of NICD was significantly decreased, which significantly downregulated its downstream gene expressions of *Hey1*, *Hes1*, and *Sox9*. Notch signaling target genes, such as *Hes1*, *Hey1*, *Vegf* and*Sox9*, have been documented for their roles in cell proliferation and differentiation in livers [@B31], [@B32]. *Cyr61*, as a target gene of*Yap*, was downregulated by BET protein inhibition, whereas the expressions of two other target genes (*Ctgf* and *Amotl2*) remain unchanged. This effector mechanism requires further investigation for additional signaling pathways in the future.

*In vitro* experimental study using AML12 cell line exhibited that the Notch signaling pathway might be directly interacted by regulating the expression of YAP, and knockdown or overexpression of *Yap*. Furthermore, the suppression of liver regeneration caused by JQ1 was rescued in the liver specificity *Yap* overexpression mouse model in the rescue experiment. The protein expression levels of Notch signaling pathway increased follow the overexpression of *Yap*. These findings support our hypothesis that YAP/TAZ-Notch1-NICD axis regulated by BET protein inhibition plays a major role in regulating hepatocyte proliferation during liver regeneration. Moreover, the BET protein inhibitor could indirectly affect the expression of Notch1.

A recent study showed that BET protein inhibition inhibits liver regeneration by inhibiting the Wnt signaling pathway [@B38]. Our data demonstrate that the BET proteins inhibition affect the liver regeneration by inhibiting the YAP/TAZ-Notch1-NICD axis, and uncovered the role of YAP/TAZ-Notch1-NICD in liver regeneration. It would be of significance in shedding light on further understanding of the mechanism of action of BET proteins during liver regeneration. YAP/TAZ and Notch signaling as well as Wnt signaling pathway are the downstream effectors of BET proteins in liver regeneration settings. Moreover, in the study mentioned above, the serum AST levels were increased in JQ1-injected mice at 40 hours after 70% PH. However, our study showed that the serum ALT or albumin levels were not increased in JQ1-injected mice at 2 days after 70% PH. The effect of JQ1 on liver function requires further investigation in the future.

In summary, our study revealed a crucial role of YAP/TAZ-Notch1-NICD axis in hepatocytes, which is downregulated by BET protein inhibition, wherein this downregulation impairs hepatocyte-driven liver regeneration. Therefore, utilizing BET protein inhibitors must be cautiously used to treat liver diseases, such as HCC and liver fibrosis. Our findings are significant in further understanding the biological behaviors of liver regeneration.
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![**BET proteins inhibition significantly suppressed liver regeneration after partial hepatectomy.** (A) Schematic diagram of this present experimental study. (B) Liver regenerative index of LW/BW was analyzed for both experimental group (JQ1 intraperitoneal injection at the dose of 50 mg/kg, n=5) and control group (vehicle solution, n=5) after PH. (C) The liver regenerative ratio of JQ1 treatment group (n=5) and control group (n=5) after PH. (D and E) Peripheral level of ALT and albumin was measured at day 2 after PH. NS P≥0.05, \*P\<0.05, \*\*P\<0.01. Data are expressed as mean ± S.E.M.](thnov09p3840g001){#F1}

![**BET proteins inhibition prevented hepatocyte proliferation *in vivo*.** (A) HE staining of liver tissues from JQ1 treatment group and control group mice at day 4 after 70% PH (200× original magnification). Scale bars, 200μm. (B) Ki-67 staining of liver tissues from JQ1 treatment group and control group mice at day 4 after 70% PH (200× original magnification). Scale bars, 200μm. (C) BrdU staining of liver tissues from JQ1 treatment group and control group mice at day 4 after 70% PH (200× original magnification). Scale bars, 200μm. (D) Ki-67-positive hepatocytes count at day 4 after 70% PH. (E) BrdU-positive hepatocytes count at day 4 after 70% PH. NS≥0.05. (F) HE staining of liver tissues from JQ1 treatment group and control group mice at day 2 after 70% PH (200× original magnification). Scale bars, 200μm. (G) Ki-67 staining of liver tissues from JQ1 treatment group and control group mice at day 2 after 70% PH (200× original magnification). Scale bars, 200μm. (H) BrdU staining of liver tissues from JQ1 treatment group and control group mice at day 2 after 70% PH (200× original magnification). Scale bars, 200μm. (I) Ki-67-positive hepatocytes count at day 2 after 70% PH. (J) BrdU-positive hepatocytes count at day 2 after 70% PH. (K and L) Fold change in *Hgf* and *Vegf* mRNA expression in liver tissues from JQ1 treatment group and control group mice at day 2 after 70% PH. NS P≥0.05, \*P\<0.05, \*\*P\<0.01. Data are expressed as mean ± S.E.M.](thnov09p3840g002){#F2}

![**BET proteins inhibition down-regulated YAP/TAZ expression during liver regeneration *in vivo*.** (A) Fold change in *Yap* mRNA expression in primary hepatocytes derived from JQ1 treatment group and control group mice at day 2 after 70% PH. (B) Fold change in *Taz* mRNA expression in primary hepatocytes derived from JQ1 treatment group and control group mice at day 2 after 70% PH. (C-D) Western blot analysis of YAP, p-YAP, TAZ and p-TAZ protein levels in primary hepatocytes derived from JQ1 treatment group and control group mice at day 2 after 70% PH. (E-G) Fold change in YAP/TAZ target genes, *Cyr61*, *AmotL2*, and *Ctgf* mRNA expression in primary hepatocytes derived from JQ1 treatment group and control group mice. NS P≥0.05, \*P\<0.05, \*\*P\<0.01. Data are expressed as mean ± S.E.M.](thnov09p3840g003){#F3}

![**BET proteins inhibition down-regulated the Notch signaling pathway *in vivo*.** (A) Fold change in *Notch1* mRNA expression in primary hepatocytes derived from JQ1 treatment group and control group mice at day 2 after 70% PH. (B) Fold change in *Jagged1* mRNA expression in primary hepatocytes derived from JQ1 treatment group and control group mice at day 2 after 70% PH. (C-D) Western blot analysis of Notch1, Jagged1 and NICD protein levels in primary hepatocytes derived from JQ1 treatment group and control group mice at day 2 after 70% PH. (E-G) Fold change in Notch signaling pathway target genes,*Hey1*, *Sox9* and *Hes1* mRNA expression in primary hepatocytes derived from JQ1 treatment group and control group mice at day 2 after 70% PH. NS P≥0.05, \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001. Data are expressed as mean ± S.E.M.](thnov09p3840g004){#F4}

![**YAP/TAZ inhibition significantly suppressed liver regeneration after partial hepatectomy and down-regulated the Notch signaling pathway *in vivo*.** (A) Liver regenerative index of LW/BW was analyzed for both experimental group (Verteporfin intraperitoneal injection at the dose of 50 mg/kg, n=5) and control group (vehicle solution, n=5) at day 2 after 70% PH. (B-C) Fold change in*Hgf* and *Vegf* mRNA expression in primary hepatocytes derived from Verteporfin treatment group and control group mice at day 2 after 70% PH. (D-E) Western blot analysis of YAP, TAZ, Notch1, Jagged1 and NICD protein levels in primary hepatocytes derived from Verteporfin treatment group and control group mice at day 2 after 70% PH. (F) Ki-67 staining of liver tissues from Verteporfin treatment group and control group mice at day 2 after 70% PH (200× original magnification). Scale bars, 200μm. (G) Ki-67-positive cell count at day 2 after 70% PH. \*P\<0.05, \*\*P\<0.01. Data are expressed as mean ± S.E.M.](thnov09p3840g005){#F5}

![**Both YAP/TAZ expression and Notch signaling pathway were impaired by BET proteins inhibition *in vitro*.** (A-B) Western blot analysis of YAP/TAZ pathway signaling and Notch pathway signaling protein levels with time gradients treated by JQ1 in AML12 cells. (C-D) Western blot analysis of YAP/TAZ pathway signaling and Notch pathway signaling protein levels with concentration gradients treated by JQ1 for 24 hours in AML12 cells.](thnov09p3840g006){#F6}

![**The Notch receptor Notch1 was a Functional YAP Target.** (A) Western blot analysis of YAP, Jagged1, Notch1 and NICD protein levels treated by JQ1 or DMSO after infection by *Yap* shRNA adenovirus in AML12 cells. (B) Western blot analysis of YAP, Jagged1, Notch1 and NICD protein levels treated by JQ1 or DMSO after transfection of PAMD-*Yap*-Flag plasmids in AML12 cells.](thnov09p3840g007){#F7}

![**The liver regeneration injury caused by the inhibition of BET proteins can be rescued by *Yap* overexpression in mouse liver.** (A) LW/BW ratio was analyzed for AAV-Vector+Vehicle group, AAV-Vector+JQ1 group, AAV-*Yap*+Vector group and AAV-*Yap*+JQ1 group mice at day 2 after 70% PH. (B-C) Fold change in *Hgf* and *Vegf* mRNA expression in primary hepatocytes derived from AAV-Vector+Vehicle group, AAV-Vector+JQ1 group, AAV-*Yap*+Vector group and AAV-*Yap*+JQ1 group mice at day 2 after 70% PH. (D-E) Western blot analysis of YAP, Notch1, Jagged1 and NICD protein levels in primary hepatocytes derived from AAV-Vector+Vehicle group, AAV-Vector+JQ1 group, AAV-*Yap*+Vector group and AAV-*Yap*+JQ1 group mice at day 2 after 70% PH. (F) Ki-67 staining of liver tissues from AAV-Vector+Vehicle group, AAV-Vector+JQ1 group, AAV-*Yap*+Vector group and AAV-*Yap*+JQ1 group mice at day 2 after 70% PH (200× original magnification). Scale bars, 200μm. (G) Ki-67-positive cell count at day 2 after 70% PH. NS≥0.05, \*P\<0.05, \*\*P\<0.01. Data are expressed as mean ± S.E.M.](thnov09p3840g008){#F8}

[^1]: ^\*^ Equal contribution

[^2]: Competing Interests: The authors have declared that no competing interest exists.
